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We study the Coulomb drag transresistivity between grapharers employing the finite temperature density
response function. We analyze the Coulomb coupling betweetwo layers and show that a universal scaling
behavior, independent of the interlayer distance can baadetl We argue that this universal behavior may be
experimentally observable in a system of two carbon namsta large radius.

PACS numbers: 73.50.-h,73.40.-c, 73.20.Mf, 81.05.Uw

Coulomb interactions are responsible for a rich variety ofby [6,18]

phenomena in low-dimensional systems. In particular.ether 52 oo

are many indications that in semi-metals, such as graghée, p21(T) = Ty — / dK K*

Coulomb forces remain long ranged due to the lack of conven- - Tetkp LNz Jo (1)
tional screening. This property of graphite has intensiéed % / dw |V12(w,K)|2 |mX1(W,K2)|mX2(w,K).

forts from both experimentéll[1] and theoretiqall[2. |3, 4les 0 sinh 2,?:T

to understand its electronic properties and interactioved Our purpose is to describe Coulomb drag between two

transitions. ':%Wevf? rha ?'rFCt Ilnearl-respoqse transped- graphenelayers, i.e. between two planar sheets of carbon
surements of the effect of electron-electron interactiosi- 5,5 5o that EqCX1) is purely two dimensioh&l [8].

gle isolated sample are usually difficult because for a péyfe In Eq. @) Vis(w, K) = exp(—dK)o(K)/e(w, K) is the
pure, translationally invariant system, the Coulomb iater . caned interlayér interaction(K) — 2W€2/(}{5) is the

tion cannot give rise to resistance. It has been demonstratq- rier transform of the Coulomb interaction with the ap-
[8] that when two independent electron gases with Separatﬁropriate low-frequency dielectric constanty; (w, k) is the
electrical contacts are placed in close proximity and eurre

N ; ) noninteracting density-density response function (thimdk
is driven through one, the interlayer electron-electradarac- hard function”),n, is the total carrier density] is the inter-

tion creates a frictional force which drags a current thh)ug layer distances is the electron charge and- 1, 2 is the layer

the other. This so-called Coulomb drag effect [6] is unique i j,4e, The RPA dielectric function(w, K) can be written as
that it provides an opportunity to measure directly elattro [E]

electron interactions.
e(w, K) = [1 = v(K)x1 (2, K)][1 — v(K)x2(, K)]

The purpose of the present paper is to demonstrate that the — exp(—2dK))u(K)xa (@, K)o(K)x2(Q, K).
semi-metal band structure of graphene is responsible for aWe stress that since in contrast to the total currdi€ =
unusual behavior of the Coulomb drag transresistivity.dn a 0) = 5; (K = 0) + jo(K = 0), the current in a given layer
dition our calculations show a universal scaling behavior 0 j,(K = 0) is not conserved, the transresistivity EQl (1) is
the Coulomb drag transresistivity, which may be experimengiven by fluctuation diagrams (see Refs. [7]), which are simi
tally observable. lar but not identical to the Aslamazov-Larkin diagram known
from superconductivity [9], and not by a simple bubble as for
lthe conventional electrical conductivity. Thus the traisss-
tivity appears to be sensitive to all kinds of virtual extitas
that exist in the system wheneverlifw, K) is nonzero.

)

It is convenient to characterize the Coulomb drag effec
in terms of the transresistivity,; because in a drag-rate
tmufnastl:;ﬁ;?gp tﬁiln:spcg:g;tg; riilaltaeje:olthti rlz;t;e:)f;orrH\gcv—_ Let us first of all derive the Lindhard function for graphene
ever, when Kubo formalism is employed [7] one arrives atSheetsincluding finitg temperature effects. F(_)r a single
the transconductivityr,;. These two quantities are defined 9raPhene layer the Lindhard function may be written as
as pg; = Eg/jl with j2 = 0 and 091 = jg/El with X(ZQ7K) = X+(iQ,K) +X_(iQ,K) (3)

E> = 0, whereE; andj; are, respectively, the electric field

and the current density in layér Since the transconduc- with )
tivity is caused by a screened interaction between spatiall Ya (i, K) = _2/ d kg %
separated layersyy; < o171 and po; is related tooy; via (2m)
pa1 = —021/(011022). Ay
—_— E_) - E 4
(=t rmghr+ B —neu+ B0 @)

The expression for the dc Coulomb drag transresistivity in At > B
two dimensional systems, in the RPA approximation, is given ' E, — E_ — ihQ [nr(u = Ey) —np(p—E-)l ¢,



and

2
x- (192, K) = —2/ (ZW];Q X

{mm(u—&) —np(p+ Ey)] (5)
+mmﬂﬂ —Ey) —nr(p+ E—)]} ;

. . R 2,2 2
whereny is the Fermi functionAy = 1 + F”FEI‘I%M,

ky = k+K/2, andE; = |/h?v2ik3 + A% Herevp is
the Fermi velocity,u is the chemical potential and is the

excitonic gap that may open due to the interaction betwee

that, settingA = 0, we obtain

4 /€BT 12
~ 255 (2cosh
™ W20l n( o8 2kBT)
L elohel — hoeK) | ht(ork — h))]
VI2w? — i2vi K2 V22 K? — h2w?
(7)

XJr(wv K)

Eqg. [@) is one of the results of the present paper.

For . > kgT Eq. [) reduces to the Lindhard function
of the two dimensional electron gas (2DEG) [8] 11], while
for 1 = 0 the prefactor before the square brackets is equal to
—(41In2/m)kpT/h?vi. Thus, as anticipated, for= kpT =
0 the only process that contributes to nonzerglim due to

quasiparticles.j4]. EqsLX3)[](4) anl (5) are obtained using C':om.paring Egs.[46) andd(7), we notice that the domains

an effective long-wavelength description of the semintietal
energy band structure of a single graphene layer with the di

persion lawE (k) = +./h?vik? + A2 + 1 which allows a

simple description in terms of the Dirac equation in 2D (se
Refs. [2,L8,4]). In the absence of interactions, in undope
graphite, the conduction and valence bands are touchiryg ea
other in the two inequivalenk” points. This corresponds to

choosingu = A = 0, i.e. in undoped graphite, & = 0

the negative ban@ = —hvpk is filled and the positive one
E = hvpk is empty. Notice that recent measurements o

guantum magnetic oscillations in graphit
presence of holes with 2D Dirac-like spectriin= t+hvgk,

where the function Iy (w, K), which ‘counts’ the num-

Ser of particle-hole excitations of energyand momentum

K, is nonzero are differentjw| > vpK for Eq. (8) and

w| < vpK for Eq. ). At the formal level this difference

n domains where particle-hole excitations are allowedesm
from the fact that Eql17) describes processes where two in-
volved quasiparticles are from the same branch of the spec-
trum (see Eql{4)), while Eq](6), as mentioned above, origi-

tnates from processes where two quasiparticles belong to the
d

ifferent branches of the spectrum (see Edj. (5)). Using the

el[10] confirm theDirac equation analogies, one can say that for nonzero elec-

tron mass\, Eq. [@) would describe electron-electron scatter-

and this seems to be responsible for the strongly-cor[élatqng' while Eq. [B) is related to the process of electron-jposi

electronic phenomena in this material. The effects of dgpin
and opening of the excitonic gap in graphene can be take

into account by considering nonzero chemical poteptiahd
nonzero excitonic gap\, respectively.

air creation.

As predicted in Refs|[14] and experimentally confirmed
(see e.g. Refl[6]) fo" = 0.27F% (whereTr is the Fermi
temperature of the electron gas), in metallic electrongdbe

Egs. [3),[#) and{5) underline the mostimportant diffeeenc ¢oupled acoustic and optic plasmon modes occurring in the
between graphene and the usual two dimensional electron g@gered system do contribute to the transresistivity tasyl

(see e.g. Refsl|[8,111]): while in the latter only the term

is present (intra-band excitations), in the graphene mespo

in its substantial enhancement.
In the case of graphene we do expect such enhance-

also they term contributes: this reflects the possibility of ment, since the semimetallic band structure of graphicell

particle-hole excitations with the particle and hole begjiog
to different (positive and negative) branches of the spettr
(inter-bandexcitations).

Actually wheny = kT = 0 only the “unusual®_ term
survives, and one can obtain an exact expressiog(fit,, —

w + 40, K) [12] which for A = 0 takes a rather simple form

[2,13]

K2
X(w, KT =0) = x- (v, K) = ——

O(hop K — |hwl) . sgrw)d(|hw| — hvp K)

\/ﬁQ’U%KQ — h2w? v/ R2w? — hQU%KQ .

For finite T' the response function acquires additional
contributionfrom y .. We find an analytic expression fgr.
in the limit of smallw and K butfinite " andy [13]. In fact
considering Eq.[{4), in such a limit one obtaids =~ 2, so

(6)

nonzero Iny(w, K) for |w| > vpK even forT = 0. Due

to this peculiarity, an@t variance with usual 2DEG Coulomb

drag, the transresistivity plasmon enhancement occurs already

at low temperatures’ > 0 (see Fig[L, inset (c) where the

transresistivity is plotted for low values of the temperatu

rescaled by the characteristic Coulomb energy, see below).
Following the method described in Refl [6], we have de-

rived the plasmon dispersion relations for small and w

(lw| > vpK). Their expressions are given by

2
hw® = 2v/In2 e—dkBTKd and ®)
&
2
hwoPt = 24/2v/In2 e—dkBT\/ﬂ 9)
&

Notice that, apart from the factarln 2, Egs. [8) and[{9) are
formally similar to the well known electron liquid expres-
sions, except that the Fermi energyy = 0 in the undoped



system we are considering) is substituted by the charaeteri
tic Coulomb energyEc = e?/(ed). Therefore the system
behavior will be in this case characterized by the crossover
between Coulomb and thermal energy. This allows us to de-
fine the dimensionless temperatie = kg1 /E- such that
for T, >> 1 the system will be in a non-degenerate regime,
while for T,, << 1 the system will be dominated by Coulomb
interactions. This simple energy scale-related analysis ¢
firms that, even for small temperatufé, (<< 1), plasmon en-
hancement will be important in graphene systems (sedJig. 1,
inset (c)).

If we introduce the dimensionless quantitie€s
hw/EcksT, K = Kd, we notice that Eqs[18) anfll (9) ac-
quire theuniversalform

100 I

80

60

b, @

40

20

@ = 2v/In2K and (10) 0
5 — 2vavin2VR, (11)

which is plotted in Fig[L, inset (a). If in addition we defilet
“fine-structure” constante—! = (hvr/d)/Ec = hvpe/e?,
we find an importanscaling propertyof the transresistivity in
respect to the interlayer distan¢eEq. () in fact acquires the

FIG. 1: Universal transresistivityy vs. dimensionless temperature
T.. The dashed line corresponds to the approximated calonlati
usingx = x-. Inset (a): rescaled universal plasmon dispersion
relation® vs. K. Inset (b): transresistivity:» vs. temperature for

two different value of the interlayer distande(as labelled). Inset

form . .
(c): as main panel, but for low values @%, In all calculations we

1 have usedr = 9.7 x 10°m/s ande = 6. [d]
p21(T) = ———zpu(Ta, @), (12)
nin2
where are considered. It would be very interesting to check exper-
Bl a2 [ .. . imentally such scaling behavior, which decouples the &ffec
pu(Ta,0) = T3 VT dK K exp(—2K) x of layers’ separation from the interlayer Coulomb intei@mt
- ¢ NO - - Eq. (I2) in fact suggests that the main effect of separatiog t
/ do Im X{(”’ Kia)lmys(@, K a) interacting graphene layers by a distards to renormalize
0 |e(@, K3 a)[? sinh®(@/ (2v/Ts)) the layer electron densities according to such a distanae. W
h emphasize that, when considering usual Coulomb drag exper-

iments between quantum wells, such effect would be hidden
by unavoidable experimental fluctuations of different para
eters, such as finite quantum well thicknesses or doping. To
layer distancel. check our predictions, we suggest a Coulomb drag experiment
In Fig.[ we plotpy as a function off},. The solid line  between twdarge radiuscarbon nanotubes, coaxial [16] or
corresponds to use in Eq{13) the filldependent response with parallel axes. In this way the aforementioned fluctuadi
function(T") (sum of Eqs.[6) and]7)); the dashed line cor-would be automatically avoided allowing the experimenkal o
responds instead to the approximation Edy. (6). The effect ofervation of such a scaling property. In the remaining part o
including x4, i.e. including temperature dependent effects,the paper, we concentrate on the plasmon behavior and on the
is quite significant. At variance with the usual Coulomb drag effect of this scaling property on plasmons. In . 2 we plot
the strong transresistivity enhancementis due in thislcae  the rescaled integrar&d?I (@, K; o)/ (a/T,) (see Eq.[(I3))
to the enlargement of the single-particle phase-space ehwhi as a function of> for different X’ and7,. Let us first focus on
includes nowintra-bandexcitation — and to collective optical Fig.[A(d). It shows the lowXx regime, in which the approxi-
and acoustic plasmons. All these excitations are forbidden mate expressions Eq§_]10) aidl(11) describing the plasmons
T=0 and not included ity _. hold. The dimensionless temperat(igis varied by a factor
The inset (b) of Fig[l presents the calculationpef(T") 10 betweerl,, = 0.1 andT, = 1000, as labelled[15]. The
from Eqg. [1) in respect to temperature, for two different in- vertical dashed-double-dot line corresponds to the osif
terlayer distanced = 375A andd = 1000A) and a typical the optical plasmon (from Eq_{lL1)), and the dashed linedo th
2DEG density. This clearly shows that the dependencé on acoustic plasmon one (from E§J10). Notice that plasmons
of the transresistivity is very strong. In this respect iei®n  are present in the domajw| > Avg only, so if the value of
more remarkable that both curves of inset (b) collapse ont@ corresponding to the plasmon does not belong to such a re-
the solid-line curve of the main panel when the reduced unitgion, the corresponding plasmon disappears. This is the cas

e2

dK / dol(@, K; a), (13)
0 0

is a universal function of, and«, independenof the inter-



4

tally observable. Most of the calculations presented were
made for the simplest gapless form of the quasiparticle-spec
trum in graphene, as expected from tight-binding calcoesi

in the absence of interactions. These results, can be easily
generalized to take into account the possible opening of a di
electric gapA in the quasiparticle spectrum |1, 4]. The inter-
play of this gap with the temperature and chemical potential
may lead to even richer physics and applications.

(@)
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FIG. 2: Transresistivity integrarti I (o, K)/(a/Ta ) vs@ for dif-

ferent values ofi{ (as labelled). Panels (a), (b), (c), (d) and (f):  * Electronic address: damico@isiosf.i5i.it

Five values ofl’, (separated by a factor 10) have been considered, ' Electronic addres$: sharapov@bitp.kiel.ua
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